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Previous studies have shown (1-3) that two time constants are necessary to 
describe the entrance of sodium from plasma into human erythrocytes in vitro. 
On this basis it was concluded that the intracellular sodium was divided into 
two pools, one being "freely exchangeable," and the other "slowly exchange- 
able." The present studies extend this previous finding  to in vi~o conditions, 
and show that a similar condition exists when the cells are maintained in their 
normal  environment  in  man. 
I 
Experimo~t~ Methods 
Radioactive Na was injected into healthy young adult males in doses  of about 
350 microcuries.  Samples of blood were drawn over a  30 hour period following  the 
injection for  determination  of radioactivity and  Na  concentration  of plasma and 
ceils.  The  Na  u  was  received  from the  Brookhaven National Laboratory and  its 
purity was checked by occasional  half-life determinations. The gamma rays from the 
Na  u were measured in a well-type scintillation counter (N. Wood type SC-2L)  thus 
obviating the need for dead time and self-abso~tion corrections. 
The plasma was separated from the ceils in a high speed centrifuge, built to  our 
specifications  by the International Equipment Co., with a  flat aluminum head  to 
take the special  hematocrit tubes described below.  At an A.C. voltage of 103 volts, 
the centrifuge head rotates at 10,000 a.P.M, which is equivalent to an acceleration of 
7800 g measured to the midpoint of the packed cell column. Under these conditions 
packing is complete in 20 minutes. All  samples were spun at  10,000 ml,.~, for 25 
minutes. 
The hematoerit tubes were built of precision bore glass tubing to our specifications 
by the Fischer and Porter Co. They consisted of an 8.26 an. section of precision tubing 
(internal diameter, 0.1875 inches  =i= 0.0002 inches  ~  0.476 cm.) terminated at the 
bottom by a flat plate so that the inside comers were almost square. When blood is 
spun in these tubes at an acceleration of 7800 g the cells are packed very tightly. 
As a  consequence  the plasma can be removed and the cell plasma interface washed 
without disturbing the packed cell column. 
* Research Fellow,  National  Institutes of Health,  United  States Public Health 
Service. 
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The  detailed washing procedure consists of three steps.  First the heights of the 
packed cell column  and  total  (cell plus plasma)  column  are measured.  Then  the 
plasma is removed with a small pipette, and finally the top of the packed cell column 
is washed six times with isotonic glucose. The protein concentration of the wash solu- 
tion  was  determined in  a  Beckman  spectrophotometer  by absorption at  280  m/~. 
After the fourth  washing a  constant amount  of protein is found  in  each washing 
amounting to about 0.2 per cent of the initial plasma. The white cells usually remain 
with the red cells. In the rare cases in which red cells are inadvertently washed off the 
top of the column, the sample is discarded. 
The hematocrit tube is next transferred to the scintillation counter for measure- 
ment of the radioactivity. Following this step, the total cell content is quantitatively 
transferred from the hematocrit tube for measurements of the Na concentration in a 
Perkin-Elmer flame photometer as previously described (1). To  determine plasma 
specific  activity an aliquot of the plasma removed from the hematocrit tube is counted. 
The  Na  concentration  of another  plasma aliquot is  then  measured  on  the  flame 
photometer. 
Ira-labelled albumin  1 was used to measure trapped plasma under our conditions of 
centrifugation and washing. In order to make sure that no free I m  was present as a 
contaminant the albumin was dialyzed in the cold for 48 hours against 0.167 M potas- 
sium  iodide. Twenty-four  determinations were  made  on  blood from  six  subjects. 
The mean trapped plasma is 1.09  -4- 0.05 ml. plasma/100 ml. packed cells. Since the 
same sample is used for measurement both of radioactivity and Na concentration, 
small differences in trapped plasma exert a minimal effect on the specific activity. 
The accuracy of the analytical method for the determination of cell Na was tested 
by recovery experiments in which graded small known quantities of Na were added 
to the special hematocrit tubes after the plasma had been washed away. The total 
contents of the tubes were then transferred in the usual way to volumetric flasks for 
flame analysis of the eight samples used. The results of these eight measurements 
may be combined to give the standard deviation of a  single determination, which is 
1.2  per cent.  Flame determinations throughout  these  studies were  carried out in 
duplicate. Control experiments indicated that iron in concentrations simulating that 
in the cellular hemoglobin had no effect on Na determinations under our experimental 
conditions.  2 
Radioactivity determinations of the packed ceil columns were carried out in dupli- 
eate (in triplicate in the later experiments) and counted when possible to a probable 
error of 1 per cent. In a few cases weak samples were counted to 1.5 per cent. Plasma 
counts were made in duplicate to a probable error of 1 per cent. The standard devia- 
tion of the radioactivity determinations (counts per milliliter of cells) from fifteen 
sets of triplicate samples in Experiments 4, 5, 6, and  7 was 3.2 per cent. Since the 
i We should like to express our thanks  to Mr.  W. F. Strauss for providing the 
labelled albumin. 
We are indebted to Dr. E. T. Dunham for informing us that iron from hemoglobin 
may cause an error in flame photometric measurements of Na under some experi- 
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standard deviation in the counting is about 1.5 per cent, the remaining error of 2.8 
per  cent is apparently due to inaccuracies in the  cell  volume measurement. This 
error does not appear in the specific activity measurements since the same figure for 
cell volume was used for the flame measurements as for the radioactivity determina- 
tions. 
TABLE I 
Sodium Conce~ation in Normal Human Cells and Plasma 
Donor  Cell  Plasma 
INs]  [Na] 
JA 
DD 
BG 
RD 
CY 
AW 
FL 
IH 
CP 
RS 
DW 
MM 
JK 
HK 
MB 
EE 
BP 
MC 
cJ 
AWI 
m.  eq./l,  cells 
11.2 
12.3 
11.I 
11.7 
10.9 
12.8 
11.7 
13.6 
i1.5 
12.6 
13.9 
10.8 
17.9" 
11.7 
12.4 
11.7 
14.7 
II.I 
11.4 
13.6 
m,eq./l, placma 
138.8 
141.2 
138.5 
136.9 
141.0 
140.5 
138.4 
136.0 
134.9 
135.1 
141.2 
140.2 
139.9 
140.7 
141.4 
140.5 
141.0 
138.3 
140.7 
139.1 
Average ........................  12.1  139.3 
Standard deviation  ..............  -4-1.1  -4-2.2 
* The high cell Na in this case was tested by Chauvenet's criterion (4) and found to be 
outside the normal range. Consequently, it has not been included in the average cell Na or 
its standard deviation. See note added in proof, page 392. 
II 
RESULTS 
Na  Concentration  in  Normal  Human  Red  Calls.- 
Since the present technique enables us to obtain values for human red cell 
Na  concentration accurately by direct  cell measurements of  the  entire red 
cell population, we  have  made  such  determinations on  a  series  of  twenty 
healthy, young adult males and females. The mean cell Na concentration of 
this group, after correction for trapped plasma, is 12.1  -4-  1.1  m.eq./liter cells 392  TRANSPORT  O]~ SODIUM INTO HUMAN  ERYTHROCYTES 
as given in Table I. This may be compared with the value of 8.66  -4-  1.40 
m.eq./liter cells obtained previously (1). 
The present  data would appear  to  be  more  reliable  than those obtained 
previously for two reasons. First, the higher speed of centrifugation lowers the 
percentage of trapped plasma from 2.97 ml./100 ml. packed cells to 1.09 mi./100 
ml. packed cells.  Thus the trapped plasma correction is now reduced to  1.5 
m.eq. Na/liter cells from its previous value of 4.15  m.eq./liter cells.  Hence 
small  errors  in  the  trapped  plasma  measurements  become  less  important. 
Second, in the present  technique the entire red cell column is used for the 
determination. Thus the top fraction containing high Na content cells is not 
discarded in the present measurements as it was in the past, and the average 
given is that for a  representative sample. In some cases the white cells have 
been included along with the red cells, but since they represent a small frac- 
tion of the total cellular population, and since as will be shown in a subsequent 
section their Na content is probably not far  different from that in red cells, 
their contribution may be  neglected. The present results are  also  in  closer 
agreement with those of Keitel (5)  who obtained a  value of 15.9 m.eq./liter 
cells with no correction for trapped plasma. 
Exchange  of Na  ~  between  Plasma  and  Red  Cells.-- 
A series of five experiments were carried out to determine the time course 
of the cellular specific activity relative to that in the plasma following a single 
intravenous injection of Na  ~. Although the subjects chosen were presumably 
healthy, young adult males, one of the group  (JK, Experiment 3) had a  cell 
Na  concentration of  17.9  m.eq./liter cell  as given in Table  I. This value is 
so far in excess of that of any of the other nineteen subjects studied that it 
was dropped from the average in accordance with Chauvenet's criterion for 
the rejection of data (4).a Table II a presents the specific activity ratio 
[(counts per minute miUiequivalent of Na)cen/(counts per minute milllequivalent  of Na)plu~] 
as a function of time for all five normal individuals. Since the specific activity 
ratio in Experiment 3 appears different from that of the other normal indi- 
viduals, an additional average value has been calculated in Table II s, giving 
the average ratio and its standard deviation for Experiments 1, 2, 4, and 5. 
It can be seen that the specific  activity ratio  (including Experiment 3)  is 
less  than  1.0  at  24  hours and beyond. The  significance of this observation 
has been evaluated by calculating the average specific activity ratio for ob- 
servations at 24 hours and later, which is 0.83  -4- 0.05  (Experiments 1, 2, 3, 
4, and 5). This figure is significantly different from 1.0 (P  <  0.01), and indi- 
cates that all the cellular Na is not exchangeable with plasma Na at 24 hours. 
a Note Added in Proof.--Since submitting this paper for publication,  it has been 
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This finding is in agreement with earlier reports  (1) in which a  similar finding 
was obtained in cells incubated in plasma in vitro for periods up to 24 hours. 
TABLE II 
Time Course of Rda~i~e Specift¢ Acridity of Na  u  in Cells and Plasma 
Experiment  Mean  cell 
[Nal 
(Counts/rain. m.eq. Na)~lt~ 
(Counts/rain.  m.eq.  Na)plaama 
Time,  hrs. 
31619112115  24  27[30 
(a)  Normal individuals 
m,¢.~. 
1  (DW)  i3.9 
2  (MM)  10.8 
3  (JK)  17.9 
4  (1~)  11.7 
5  (MB)  12.4 
Average (1, 2, 3, 4, 5). 
Standard deviation... 
Average  (1, 2,  4, 5)... 
Standard  deviation... 
0.63 
0.65 
0.55 
0.70 
0.65 
0.64 
.4-0.05 
.  0.66 
• 4-0.03 
0.77 
0.80 
0.69 
0.76 
0.78 
0.76 
4-0.04 
0.78 
4-0.02 
0.84 
0.84 
0.80 
0.79 
0.81 
0.82 
4-0.02 
0.82 
4-0.02 
0.81 
0.80 
k 0.85 
0.80 
0.84 
0.82 
4-0.02 
0.81 
q-0.02 
0.85 
0.84 
0.89 
0.79 
0.78 
0.83 
-4-0.04 
0.82 
4-0.03 
0.78 
0.74 
0.92 
0.83 
0.79 
0.81 
4-0.07 
0.79 
4-0.04 
0.81 
0.85 
0.92 
0.82 
0.89 
0.86 
4-0.05 
0.84 
4-0.04 
0.79 
0.82 
0.91 
0.81 
0.83 
0.83 
4-4-0.05 
0.81 
4-0.02 
(b)  Abnormal (congenital hemolytic jaundice) 
6  (TM)  13.9  0.90  0.88*  0.86: 
7  (AS)  12.7  0.87  0.86*  0.881 
Average  (6, 7)..  0.89  0.87  0.87 
Standard  deviation.  4-0.02  4-4-0.01 -4-0.01 
* 26 hours. 
:~ 29 hours. 
§ 28 hours. 
Tl~oretic,  al  Analysis  of  Data.-- 
Having established qualitative agreement between the present in vivo studies 
and the previous in vitro ones, it appeared desirable  to see whether the agree- 
ment could be made quantitative.  For this purpose, it was necessazy to have 
an  accurate  description  of  the  time  course  of  the  plasma  specific  activity. 
Accordingly in Experiment 5  the first point was taken  10 minutes after injec- 
tion,  and the history of cell and plasma specific activity was followed in con- 
siderable detail. Table HI shows the results obtained in this experiment. When 
the plasma  specific activity was plotted  on  a  logarithmic scale  against  time, 394  TRANSPORT  OP  SODIUM  INTO  HUMAN  ERYTHROCYTES 
it could be described over the period from 10 minutes to 30 hours by the fol- 
lowing  equation: 
=  e  -I  +  1.5  v  ~'°'~  (I) 
in which p represents the plasma specific activity and t the time in hours. The 
top curve in Fig.  1 (in which the points represent  the data given in Table III 
and  the curve is that of Equation  1)  shows that  the equation represents  the 
TABLE HI 
Time Course of Rda~i~e Specific Aainity of Na  ~ in Plasma and Cells (Experiment  5) 
Time 
after 
in- 
jection 
hrs. 
0.17 
0.75 
1.50 
2.25 
3.0 
6.0 
9.0 
12.0 
15.0 
24.0 
27.0 
30.0 
l~ema-  i 
tocrlt  I 
reaa-  I 
mg  I  [Na] 
m.eq.li 
plasm~ 
0.4411 141.( 
0.4291  14OA 
0.4381  140.t 
0.4271 141.( 
0.4241  140.( 
0.4251 141.~ 
0.4191 14OA 
0.4231 14O.~ 
0.4081 142.( 
0.4361 143£ 
0.4411 142.~ 
0.4301 141.~ 
Plasma 
.,"  t~ 
;4,.512 
.~6,5~ 
.~4,024 
~3,214 
~2,902 
.~0,728 
~0,04C 
[9,59(~ 
L9,660 
Lg, 224 
L8,074 
17,592 
Specific 
activity* 
Relative counts 
Min. m.eq.  Na 
2.44 
1.88 
1.70 
1.64 
1.62 
1.47 
1.42 
1.39 
1.39 
1.36 
1.28 
1.24 
[Nal 
7t.  ./ 
12.6 
12.6 
12.0 
12.6 
12.6 
12.4 
12.7 
12.8 
12.8 
12.3 
12.2 
12.5 
Ceils 
.tq, I 
activity 
Relative counts 
~['~  Min.  m.eq. Na 
845  0.67 
992  O. 79 
1121  0.93 
1240  0.98 
1332  1.06 
1417  1.14 
1463  I.  15 
1496  1.17 
139(}  1.09 
1314  1.07 
1388  1.14 
1293  1.03 
81o  ~z~z 
o  •  o  - 
.~ 
0.27 
0.42 
0.55 
0.60 
0.6S 
0.78 
0.81 
0.84 
0.78 
0.79 
0.89 
0.83 
* In the case of the plasma, but not of the cells, the specific activity figure was obtained 
by dividing the observed counts/minute by the average Na concentration  over the whole 
30 hour period (141.4 m. eq./liter  plasma). 
data fairly well over the period 10 minutes to 30 hours. The constants chosen 
are purely empirical,  and  merely serve to represent  this particular  curve for 
the purpose of further mathematical analysis. No attempt was made to describe 
the portion of the curve before 10 minutes, which as shown by Bakay, Selver- 
stone, and Sweet  (6) may consist in man of two, and in some cases three ex- 
ponentials.  These  observers  found  that,  following intravenous  injection,  the 
radioactivity of a  venous sample  drawn at  10 minutes  was characteristically 
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at 1 minute. We have not taken account of this high initial concentration of 
plasma radioactivity since our interest was focussed on events that occurred 
at 24 hours and beyond, by which time any disturbances resulting from events 
taking place during the first 10 minutes might be expected to have subsided. 
Having obtained a  quantitative expression for the plasma specific activity, 
it is possible  to choose either of two  compartmental models of the  red  cell 
Na for the purpose of further analysis: a series model as illustrated in Fig. 3 a, 
or a parallel model as illustrated in  Fig. 3 b. In either case, the usual  condi- 
tions previously given (1) for compartmental analysis apply.  Let us first as- 
sume that the cellular Na is divided into two series  compartments, a  "fast" 
outer  compartment  and  a  "slow"  inner  compartment.  Under  these  condi- 
tions, if the behavior of the plasma specific activity is given by Equation 1, the 
system may be described mathematically by the following set of equations: 
w  AI~ 1`  -~ A~  k2t  (2 a) 
aQ/~t w k',(~ -  0  -  k;(~ -  ~)  (2 b) 
in which A1, A~, XI, and k~ are constants whose values are given in Equation 
1; Q  and R  represent  the  Na  ~  content in  the  fast and slow compartments 
respectively (relative counts/minute  liter blood);  and  q  and  ~ the  specific 
activities in these two compartments (relative counts per minute milliequiva- 
lents of Na). k'l and k', are fluxes (milliequivalents Na per liter of blood hour) 
between plasma  and fast compartment, and fast and slow compartments re- 
spectively, and t is time in hours. To solve Equations 2, it is necessary to make 
use  of  the  following  relationships  and  transformations: 
Q =  ~Nal~,q =  ~, in which # is defined  as [Nalq,~  (3 a) 
R =  ?[Nal,¢, =  ~, in which v is defined  as [Na]¢~,  (3 b) 
k, ffi k~/#; k, =  ~/,;  vl# =,  (3 t) 
in which [Na]q and [Na], represent the Na concentration in the fast and slow 
compartments respectively, and v~ and v, represent the volumes of these com- 
partments. Equations 2 b and c may be transformed into: 
d~Mt •-  k,(~ -  0  -  v/~(~ -  ~)  (4 a) 
d~/dt  =  ~(~ -  ~)  (4 b) 
The solutions to these equations with the initial condition that 
~ =* ~,* 0at,-  0 
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q  =  tl~e ~t  +  Bse TM  +  [kgll(X~ +  k,)/X~le  ~'' +  [k~A~(~2 +  #~)/X;lc  ~2t 
in which 
).,  =  #[  -(k,  +  h  +  ,h)  -  x/(k, +  k, +  ,h)' -  ~,hJ 
~,  =  #[ -(k, +  k, +  .k.)  +  x/Oh +  k, +  ,,~),  -  ,~1~] 
x:  ,,, x| +  (h +  ~  +  ,#,~)xs +  ~,~ 
~l =  [h(a~ +  .4~) +  (x~ +  ~)(x, -  xO~,.4,/x'~ +  (x~ +  ~h)(x, -  x,)kgld~l/(X, -  xd 
B, =  -B~ -  (x, +  k,)~,A,Ix',  -  (),, +  ~,)~,.,IUx~ 
and 
in which 
#  =,  ¢le~i '  +  C.~  xit +  (liiitt.41/x'~)e x~' +  (#akl,it/~)c x2' 
(s) 
c~  ffi l(x, -  x,)k,k,>_Adx~. +  (x, -  x,)k,#.~l,/X;l/(X,  -  x,) 
Since we observe the mean  cell specific activity,  it is necessary to combine 
Equations  5  and  6  to  give  this,  as  follows:-- 
=  0~ +  ~)/~  +  ~,)  (1) 
in  which  ~ represents  the  mean  cell  specific activity. 
The bottom curve in Fig.  1 represents the theoretical curve obtained from 
Equation 7, and the points the results from Experiment 5 as given in Table 
III. The values for A1, As, X1, and ks are those given in Equation 1. The value 
for k~ is obtained by multiplying the normal fast compartment flux previously 
given (1), 3.08 m.eq./liter cells hour, by the mean hematocrit reading in Ex- 
periment 5, 0.428, to give the normal fast compartment flux of 1.32 m.eq./liter 
blood hour. The sum of B -I- 1' is obtained by multiplying  the observed cell 
[Na] of 12.4 m.eq./liter cell (Experiment 5) by the hematocrit reading to give 
3.32 m.eq./liter blood. Having assigned these constants we have two remaining 
adjustable constants: the Na content of the slow compartment in milliequiva- 
lents per liter of blood, and the flux between the fast and slow compartments 
in milliequivalents per liter of blood hour. We have chosen the values of 1.07 
m.eq./liter  blood  for  the  Na  content  of  the  slow  compartment  and 
0.016 m.eq./liter blood hour for the flux to give the fit shown in Fig.  1. 
It can be seen that there is a  real difference between the observed points, 
shown as circles in Fig.  1 and the theoretical curve in the period between 10 
minutes and 9 hours but that the curve fits the data well between 9 and 30 
hours. Since the cell Na specific activity has reached 60 per cent of its 24 hour 
value in the first 10 minutes,  this discrepancy may fairly be ascribed to the 
high initial plasma Na  ~ levels which are not considered in Equation 1. 
It is possible to adjust the values for flux into the slow compartment and 
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for compartment size  within fairly wide limits and still obtain a reasonable  fit 
to the data. Thus a somewhat smaller  compartment and zero flux gives a fit 
not demonstrably worse than that shown in Fig.  1. However, as  the flux in- 
creases beyond the value of 0.016 m.eq. Na/liter blood hour, the fit gets pro- 
gressively worse. This  becomes obvious from  Fig.  2  which  shows  the  time 
course of the relative specific  activities of the fast and  slow  compartments 
separately.  As  the flux  into  the  slow  compartment  increases it becomes in- 
creasingly difficult  to obtain the typical decline  in mean cell specific activity 
that occurs after about 12 to 15 hours. Fig. 3 a is a schematic representation 
which shows the Na compartment dimensions and fluxes in accordance with 
Equations  5,  6,  and  7  as fitted in  Fig.  1. 
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1~o. 1. Relative specific activity of red cells and plasma (relative counts/minute 
miUiequivalents of Na)  in  blood drawn  from a  healthy  human  adult following a 
single intravenous  injection of Na  ~a. The points  represent  the experimental data, 
and the curves are derived from the relevant equations as described in the text. 
The equations for the parallel case are fortunately much simpler than those 
for the series one. The equations analogous to 2 b and c are: 
dO~dr =  k'~(/, -  ,~)  (S a) 
d~lat =  k~(~  -  ~)  (s b) 
and the solutions using Equations 3 a, b, and c with the initial condition 
~=e  =0att  =  0, 
are 
and 
t~ =  B~e  ~'  +  [a~kd(xl  +  kDl2 ~t  +  IA~,/(X~  + kOl2 2'  (9) 
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FIO. 2. Curves derived from the theory predicting the behavior of red cell specific 
activity in an ideal red cell comprising a fast and a slow compartment in series.  The 
top curve showing the relative plasma specific  activity is derived from Equation  i. 
The fast compartment (cell) curve is derived from Equation 5 and the slow compart- 
ment (cell) curve is derived from Equation 6. The constants used in obtaining these 
cellular curves are the same constants used for the relative cell specific activity curve 
given in Fig.  1. The curve in Fig.  !  represents  the mean of the two cellular curves 
given here,  weighted  suitably for the Na content of each of the  two intracellular 
compartments,  according to Equation  7. 
in which 
Sl  =  -A,kj(X~  -t- kl)  -- A=kj(X= q- k~) 
G  =  --Alh/0,~ +  k,)  -- A,k,/O,2  +  h) 
A fit equally as good as that in the series case can be obtained in the parallel 
case using the same fluxes and compartment sizes as for the series case. This 
model is represented  schematically in Fig. 3 b. With the present experimental 
data it does not seem possible to discriminate between these two choices. G.  LENNARD  GOLD  AND  A.  K.  SOLOMON  399 
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The values for the slow compartment size and flux are in general agreement 
with previous data. Thus the size of the slowly exchangeable compartment has 
previously been measured as 2.37  m.eq./liter cell  (1).  This is equivalent to 
1.02  m.eq.  Na/liter  blood  using  the  hematocrit  reading  for Experiment  5, 
and is in agreement with the slow compartment size  of 1.07 m.eq. Na/liter 
blood shown in Fig. 3. It should be pointed out, however, that this estimate 
of the slowly exchangeable compartment was taken from experiments in which 
the total red cell Na was estimated to have a lower value than that given in 
the  present  study. 
The flux values have been taken from the work of Sheppard and Beyl (3), 
who have  measured fluxes into  the  slow compartment in four experiments, 
with a  mean value of 0.016  m.eq./liter blood hour, identical with our figure. 
The excellent agreement in both cases between the present theoretical value 
and the previous experiments is probably fortuitous and should not be used 
to lend undue weight to the quantitative accuracy of the model for red cell 
Na  flux proposed  here. 
If all the intracellular Na were in a  single compartment,  the plasma  Na 
would be  the precursor  of the  cell Na,  and Zilversmit's precursor  criterion 
(7) should be applicable, since the system would fall within the restrictions for 
this criterion that have been previously given (8).  Consequently it would be 
expected that the plasma specific  activity curve in Fig.  1 would cut the red 
cell specific activity curve at the latter's maximum. Since this is not the case, 
it is apparent that the plasma does not fulfill the precursor requirements, and 
hence that the red cell Na comprises more than a single compartment. 
The  Effect  of  White  Cells.-- 
Sheppard, Martin, and Beyl (2)  have previously shown under in vitro  con- 
ditions that the slow compartment is still evident even after removal of the 
"buffy  coat."  Furthermore,  the  white  cell  Na  flux  has  been  measured 
by Solomon (1) who has shown that it has a flux of 0.074 m.eq. Na/liter blood 
hour. The half-time for white cell Na exchange is 0.6 hour so that this process 
is both too fast and has too large a flux to account for the slow compartment. 
It is also possible to make an indirect estimate of white cell Na concentration 
if one assumes that the white cells are in osmotic equilibrium with the blood, 
that all the white cell Na is osmotically active, and that no other cations besides 
Na and K  are found in the white cells.  Since it has been shown (9)  that the 
white cell K  concentration is  146  m.eq./liter white cells,  there remain only 
9  m.eq./liter white cells  for assignment to Na.  Using  the cell  volumes pre- 
viously given (9) it can be calculated that the white cell Na  concentration is 
0.024 m.eq./liter blood. Since this represents so small a  fraction of the  slow 
compartment Na  (1.07  m.eq.  Na/liter blood)  it is clear that the  white cell 
Na does not contribute significantly. G.  LENNARD  GOLD  AND  A.  K.  SOLOMON  401 
III 
DISCUSSION 
It has been shown that a significant difference exists between the Na  ~a specific 
activity of the red cells and that of the plasma at periods of 24 hours and longer 
following intravenous injection of Na  ~ in man. These results may be taken as 
confirmation of the previous observations of a similar phenomenon in vitro (1-3). 
However,  there  is a  considerable body of evidence in  the literature  sug- 
gesting that this small reservoir of slowly exchangeable Na does not exist in 
the human red cell,  and it is necessary to consider this contrary evidence in 
detail. The studies of Edelman, James, and Moore previously alluded to  (1, 
reference 26) have now been completed (10). In a series of studies of the total 
exchangeable Na in man, these investigators obtained values in two cases of 
1.02 and 1.19 for the ratio (red cell Na  ~  specific  activity/serum Na  ~a specific 
activity) at 15to 24 hours. If there were no slowly exchangeable Na, this ratio 
should be 1.0 and the high value of 1.19 may be taken as an estimate of the 
error  of  the  method  in  this  instance. 
Love and Burch (11) have made an extensive in vitro study of the present 
question.  In thirty experiments they report  that there were twenty-two in- 
stances in which the difference between total red cell Na and rapidly exchanging 
red  cell  Na  (at  4  to  6  hours,  which  was  their  plateau)  was  less  than 
1.5 m.eq./liter cell which they consider to be the error of the method. In the 
remaining eight instances, the slowly exchanging red cell Na varied from 1.9 
to 5.9 m.eq./liter cell. Since the present estimate of the size of the slowly ex- 
changeable compartment can be  converted to  2.50  m.eq./liter cells,  it may 
have remained undetected in some of the twenty-two cases in which the dif- 
ference reported by Love and Butch was less  than 1.5 m.eq./liter cell.  Con- 
sequently we have selected sixteen of their experiments (which represent the 
total carried out under standard conditions) and calculated from their data the 
total red cell Na, which is 8.13  4-  2.95  m.eq./liter cells,  and the rapidly ex- 
changeable Na which is 6.68 4-  2.22 m.eq./liter cells.  Since Love and Burch 
find a lower red cell Na concentration than that given in Table I, the fraction 
of slowly exchangeable cellular Na has been chosen for comparison with the 
present results. They found a value of 17.8 per cent which can be  compared 
with the present value of 20.1 per cent. It can be seen that there is no essential 
discrepancy between these  figures. 
Harris and Prankerd  (12),  who have recently measured the efltux of Na  ~4 
from human red cells in ~ro,  conclude that there is no slowly exchangeable 
compartment. Their argument is based solely on a  "rate constant" measure- 
ment, and does not involve any measurement of relative plasma and red cell 
specific  activities. Red cells,  pre-incubated with Na  ~  for 2 hours, are resus- 
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cells is then measured. The "rate constant" obtained by Harris and Prankerd 
of 0.3  hr.  -1,  though  in disagreement with earlier values given by one of us* 
(1), agrees excellently with our present value of 0.31 hr.  -1 obtained by dividing 
the fast compartment flux in Experiment 5 by the fast compartment Na con- 
tent. Thus the results of Harris and Prankerd do not argue against the existence 
of  a  slowly  exchanging  compartment. 
The  proof  that  the  slowly exchangeable  Na  compartment is  also demon- 
strable in vivo leads  us  to  the heart of the puzzle.  What function  does this 
compartment play in the cell and what kind of a chemical or physical combina- 
tion may account for this slow rate of exchange? It is known that  the  cells 
do not form a  homogeneous body with respect to their Na content, and  that 
the younger red cells have an Na content higher than the rest. Thus the slowly 
exchangeable Na may well represent an inhomogeneity in the cell  population 
rather than an inhomogeneity present in each red cell. Indeed the slowly ex- 
changeable Na may not necessarily represent a  well defined compartment at 
all, being instead an exponential average of the behavior of many similar slow 
processes. 
In order to examine the influence of the age of the red  cells on the magni- 
tude of the slowly exchangeable Na, we carried out further  experiments with 
blood from patients suffering from a disease which resulted in a  population of 
red  cells younger than normal.  The results of two such  experiments on pa- 
tients  with  untreated  congenital  hemolytic jaundice  are presented  in  Table 
IIb. It can be seen that more of the red cell Na is exchangeable at 24 hours 
in these two cases than in the average for the five normal individuals in Table 
II a. 
In order to reach a decision about the significance of the increase in 24 hour 
* The flux obtained by Harris and Maizels (13) in their earlier experiments was in 
agreement with Solomon's value of 3.1  m.eq./liter cells hour (1).  From this figure 
Solomon's average value for k~ (1 -  H)/H (which is equivalent to Harris and Maizels' 
"rate constant") of 0.6 hr.  -1 was obtained by dividing the flux by the exchangeable 
cell Na which averaged 5.2 m.eq./liter cells for these old experiments. (Figures ob- 
tained from the average values in Table VIII of reference 1.) The value obtained by 
Harris and Maizels for their "rate constant" equivalent to k~ (1  -  /~/H was 0.25 
hr.-L It was suggested by Solomon that the difference between these two constants 
might arise from the presence of the slowly  exchangeable  Na which  had not been 
considered  by Harris and Maizels. 
However, if we now accept  the  higher  cellular  Na  concentration value of  12.3 
m.eq.  Na/liter cells (Experiment 5)  as a  more accurate measure, and if we assume 
that the slowly exchangeable compartment contains 2.5 m.eq.  Na/liter cells as found 
in Experiment 5, we are left with 9.8 m.eq. Na/liter cell in the fast compartment. 
This would  lead to a value of 0.31 hr. -1 for kba (1  -- H)/H, which  as stated  in the 
text agrees well with the present value of Harris and Prankerd for their "rate con- 
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exchangeable Na in these two cases, it is necessary to come to a decision about 
Experiment 3 shown in Table II a. If this otherwise apparently normal young 
man with the high cellular Na and high exchangeable Na is excluded from the 
normal set, the difference between the 24 hour and beyond exchangeable Na 
ratios in Tables H  a  and b is highly significant (P <  0.01; ratio 0.81  4- 0.04 
for Experiments 1, 2, 4,  5  and 0.88 4- 0.01  for Experiments 6 and 7).  If not, 
it is at least suggestive that the average specific activity ratios in Experiments 
6 and 7 are somewhat higher than the average for the other experiments, in- 
cluding Experiment 3. (See note added in proof, page 392.) 
On this basis it is not unlikely that the fraction of slowly exchangeable Na 
found in human red cells is a function of the age of the cell.  If this is indeed 
the case, it would seem logical to imagine the Na woven into the fabric of the 
cellular membrane, a concept which would probably be more compatible with 
a system of parallel compartments than with series ones. 
In sum, the present experiments resolve the apparent discrepancy between 
results obtained in dtro and those obtained in vivo with respect to the slowly 
exchanging Na Compartment. Since the in dvo exchange involves a slow com- 
partment of magnitude and flux similar to that previously found in vitro, it 
can be concluded that, in this respect at least, in vitro incubation is representa- 
tive  of  cellular  behavior  in  man. 
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SUMM'~RY 
The  relative Na  24  specific  activity of red  cells  and plasma was measured 
at periods up to 30 hours following a  single intravenous injection of Na  ~  in 
normal healthy young adults. The  average specific  activity of the  red cells 
relative to that of the plasma at 24 hours and beyond was found to average 
0.83  4- 0.05  in a series of five normal individuals, significantly different from 
1.0. This indicates that all the intracellular Na is not exchangeable in 24 hours, 
and confirms earlier in dtro  results.  The  red cell Na  concentration in man 
was shown to be  12.1 4-  1.1  m.eq. Na/liter red cell, as measured in a  series 
of nineteen normal healthy young adults. A  theoretical analysis of the data 
on exchangeable cell  Na  suggests  that  the  red cell Na  (5.3  m.eq.  Na/liter 
blood)  is  divided  into  a  fast  compartment  comprising  4.25  m.eq.  Na/liter 
blood, and a slow compartment comprising 1.07 m.eq. Na/liter blood. If these 
compartments are arranged in parallel, the flux between plasma and fast com- 
partment is 1.32 m.eq. Na/liter blood hour, and that between plasma and slow 404  TRANSPORT  OF  SODIUM  INTO  HUMAN  ER~-TI:Ltc.OCYTES 
compartment  is 0.016 m.eq.  Na/liter  blood hour.  Results of experiments  on 
two  patients  with  congenital  hemolytic  jaundice  suggest  that  the  fraction 
of slowly exchanging Na may increase with the age of the red cell. 
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